We have investigated the feasibility of THz time-domain reflectometry for the discrimination of human early gastric cancer (EGC) from the normal gastric region. Eight fresh EGC tissues, which were resected by endoscopic submucosal dissection, were studied. Of them, six lesions were well discriminated on THz images and the regions well correlated with tumor regions on pathologically mapped images. Four THz parameters could be suggested for quantitative discrimination of EGCs.
Introduction
Terahertz (THz) reflectometry has been applied to many biomedical researches, especially cancer diagnosis [1] [2] [3] [4] [5] [6] [7] . Diagnoses of skin and breast cancer were preceded using THz reflectometry because it was relatively easy to obtain the specimens and conduct in vivo experiments [1] [2] [3] [4] [5] . In recent years, THz studies have been extended to new tissue lesions such as brain and tongue cancer [6, 7] .
Meanwhile, as the potential production of miniaturized THz endoscopes has increased [8] , interest in applications for digestive organ cancers, which had received poor attention due to the limitations of the THz device and system, has rapidly grown. Accordingly, during the past few years, the basic tissue characteristics of each digestive organ in the THz regime have been investigated [9, 10] , and THz reflectometry was proven as a tool for the diagnosis of human colorectal cancer by using several THz parameters and statistical analysis [11, 12] . With regard to gastric cancer, which has high incidence rates in Eastern Asia [13, 14] , few investigation using THz reflectometry have been carried out until last year [15] . The possibility of diagnosing gastric cancer using THz waves in dehydrated paraffin-embedded tissues was suggested.
Although advanced gastric cancers have shown poor prognosis [13] , a high cure rate approaching 90% can be achieved by surgery in patients with early staged gastric cancers [15] . Recent technical advances show that early gastric cancer (EGC) fulfilled indication of endoscopic resection can be treated successfully by endoscopic resection including endoscopic submucosal dissection (ESD) rather than surgery which involves pain and a long recovery time. In addition, the patient's quality of life can be improved by treatment with endoscopic resection compared with open surgery, because endoscopic resection is a method to preserve the whole stomach after treatment. Therefore, it is ultimately important to find gastric cancer as early as possible to improve patient survival and quality of life after treatment.
When EGC is viewed at an early developmental stage, abnormalities by white light endoscopy tend to be subtle. It is possible to miss some cases of EGC, as white light endoscopy is an operator-dependent procedure [16] [17] [18] . If THz reflectometry help detect an EGC lesion and delineate its margins quantitatively, it would assist endoscopists in determining the lesion size and completely resecting the target lesion with appropriate and safe margins.
In this study, we aimed to evaluate the feasibility of THz time-domain reflectometry for the discrimination of EGC from normal tissues using fresh excised tissue specimens obtained from patients who had undergone ESD. THz reflection images for the fresh tissues were taken by a conventional, reflection mode THz time-domain imaging system with photoconductive antennas. THz reflection images were compared with visible gross images and pathologically mapped images. In addition, several parameters extracted from the THz reflection signals were analyzed to quantitatively discriminate EGC from adjacent normal regions.
Specimen preparation and experimental details

Specimen preparation
The study protocol was approved by the Institutional Review Board and Hospital Research Ethics Committee of Severance Hospital. Written informed consent was obtained from all patients. Nine patients with EGC that was treated with ESD were recruited for this study. Of the nine patients, one with an incompletely resected lesion by ESD was excluded because the circumferential margins of the lesion were not fully included in the specimen. As a result, eight patients with completely resected EGC by ESD were enrolled in the study.
ESD was performed in accordance with the typical procedure sequence consisting of marking, mucosal incision, and submucosal dissection with simultaneous hemostasis. To prevent deep muscle injury during the procedure, a saline solution containing epinephrine (0.01 mg/mL) was injected into the submucosal layer circumferentially around the lesion using a 21-gauge needle before initiating the mucosal incision ( Fig. 1(a) ). Immediately after the end of ESD, the specimens were delivered for taking THz reflection images. Table 1 shows baseline patient and lesion characteristics. Of eight lesions, seven were well-to moderate differentiated adenocarcinomas, and the remaining one was a signet ring cell carcinoma. All lesions were confined to the mucosa. The median lesion size was 7 mm (range, 4-20 mm). A conventional THz time-domain imaging system with photoconductive antennas and a fast optical delay line was utilized in our experiments in reflection mode. Because the resected specimens are used for formal histopathological examination after THz measurement, no additional handling processes were applied to the specimen to prevent unwanted contamination except for carefully removing a little blood on the surface of the specimens by cotton swabs. For the same reason, we reduced the acquisition time of the THz measurements. Thus, the THz images were obtained with a raster scanning system using a two-dimensional (2D) movable sample stage with sparse resolution. The total acquisition time per THz image was approximately 8 min for a 50 × 47.5-mm area with a 500-μm scanning resolution. The total time of the THz experiment from receiving the specimens to putting the specimens into a fixation bottle was less than 30 min. The schematic diagram of the measurement system is shown in Fig. 1(b) , and a more detailed description is presented in our previous article [10] .
Experimental setup
Image and parameter extraction
Note that the aim of this study is not a diagnosis of EGC but a discrimination of EGC under endoscopic conditions. Accordingly, we considered simple parameters among the various THz parameters to acquire the images and quantifications. All THz images were made of peak-to-peak (PP) values extracted from reflection signals on the quartz/specimen interface and normalized by the PP value on the quartz/water interface. To demonstrate that the THz technique would quantitatively discriminate EGC from normal regions, four parameters were utilized. Two were PP values at the region of interest (ROI) on the THz images normalized to each of two reference PP values (water and air), whereas the others were amplitude ratios of spectra at ROIs normalized to each of two reference spectra (water and air). The ROIs for each EGC and normal region were selected from five points on each THz image, which included pathologically confirmed regions ( Fig. 2(b) ). Table 2 shows a summary of the THz parameters used. PPV(t) is a PP value of the time-domain reflection signal, and E(ω) is the spectrum amplitude of the reflection signal. 
Results and discussion
Among the eight lesions enrolled in the study, seven were well discriminated on THz images. Representative images included gross tumor images, THz images and pathologically mapped images of three different lesions (cases 1, 2, and 3) are shown in Fig. 2 . The red regions of Fig. 2 (c) indicate the lesions of pathologically confirmed EGC. The cancers are well discriminated even in visible gross images as shown in Fig. 2(a) , which reflects that endoscopists could find EGC by white light endoscopy only. However, endoscopic examination for gastric cancer screening is an operator-dependent procedure [16] . Such a nature of endoscopic examination may be related with missing gastric cancer [17, 18] . Thus, we suggest THz imaging and technique to reduce the chance of missing cases of EGC. The acquired THz images are shown in Fig. 2(b) . Although the THz reflection intensity from the normal regions is generally low because they have low refractive indices and low absorption coefficients compared with tumors in the THz regime [1, 2, [4] [5] [6] 11] , in all THz images, high intensity signals were noted around the circumference of the ESD specimens which were pathologically confirmed as normal regions. This aspect caused confusion during the discrimination of EGC from normal regions on THz images during the initial analysis stage. It is assumed to be due to the effect of saline, which was injected around the lesion during the ESD.
Foundation of our assumption that the high intensity signal at the border of the specimen is attributed to saline effect came from THz measurements of EGC. Figure 3 (a) shows a case 1 THz image where five data points of water and normal tissue are marked in. And Fig. 3(b) shows time-domain THz signals at marked points in Fig. 3(a) . Regardless of selecting histologically normal tissue points, THz reflection signals from normal 1 and 3 appear much larger than those from normal 2 and 4. Furthermore, the amplitude of reflection signals from normal 1 and 3 are very similar those from water as shown in Fig. 3(b) . Therefore, we assumed that the high intensity signal could be generated by absorbed saline at the border of the specimen where we injected saline. The endoscopic submucosal dissection (ESD) procedure sequence consists of 3 steps including 1) marking, 2) mucosal incision, and then 3) submucosal dissection. Saline injection is needed in 2) mucosal incision, and 3) submucosal dissection for preventing the perforation. Although these two steps need saline injection, the amount of saline is much larger for 2) mucosal incision compared to 3) submucosal dissection ( Fig. 1(a) ). In the steps of 2) mucosal incision, saline is likely to go into mucosal layer as well as submucosal layer because the needle reached submucosa via mucosal layer. In the steps of 3) submucosal dissection, needle reached submucosa directly without intervening tissues. We consider all these two factors can cause exacerbation of saline effect on periphery. Fig. 3(a) . Despite all selected normal tissue points are histologically same, THz reflection signals from normal 1 and 3 much larger than those from normal 2 and 4 due to the injected saline.
The THz image of case 2 supports this assumption as reasonable. Low-intensity normal regions are observed around the center of the specimen except for the tumor region in that image. Before the injection of saline, the reflection signals from the normal region would be lower than those from the tumor region. In addition, high intensity regions in the center of the specimen were also discriminated from the surrounding low-intensity regions.
Although seven of the eight lesions were discriminated by THz imaging, a distinct boundary of the remaining lesion was unclear on the THz image, because the effects of the saline injection during the ESD procedure appeared too close to the lesion (case 4, image not shown). In this case, high intensity signals around the margin of the ESD specimen prevented the delineation of EGC. However, this finding may not discount the feasibility of in vivo THz imaging for discrimination of gastric cancer. Of seven lesions discriminated by THz imaging, six well-to moderate differentiated adenocarcinomas were well correlated with pathologically mapped images. The one lesion with poor correlation between the THz and pathologically mapped images was a signet ring cell carcinoma (case 5, image not shown). Generally, the biological behavior of signet ring cell carcinoma is considered to be different from other cell types, including gastric adenocarcinoma [19] . In addition, large size discrepancies are frequently observed in signet ring cell carcinoma between gross findings and pathologic examinations [20] . THz imaging may play a limited role in the discrimination of signet ring cell carcinoma.
To confirm a congruence between the pathology and the THz images, and to assume the contrast mechanisms, we compared and analyzed an hematoxylin and eosin (H&E)-stained photomicrograph with the normalized THz PP values for case 2 (Fig. 4) . Figure 4(a) shows parameter 1 profiles along a black dashed line on the THz image shown in Fig. 2(b) . The black dashed line corresponds with the axis of the histological section as indicated by a yellow-green triangle in Fig. 2(c) . The region with a high amplitude ratio displayed in red was well correlated with the tumor region. The inset on Fig. 4(a) is the image of case 2 (Fig. 2(c) ) which was cropped and rotated for easy comparison. Figure 4(b) shows a cross-sectional microscopic image of the axis of the yellow-green mark in Fig. 2 (c) at low magnification ( × 12), including both tumor and normal regions. Figure 4 (c) and 4(d) are enlarged images of tumor and normal regions, respectively, at high magnification ( × 100) of the regions marked by dashed black rectangles in Fig. 4(b) . In contrast to the normal region, microvascular proliferation and increased cellular density were identified in the tumor region. The contrast mechanisms for discriminating tumors using THz reflectometry would involve the complex physiological changes from increases in water content, cell density, vascularity, etc [4, 15] . Fig. 4 . (a) THz PP value profiles normalized to the water reference along the black dashed line on the THz image in Fig. 2(b) . The inset is from the case 2 image in Fig. 2(c) , which was cropped and rotated for easy comparison. (b) A section of the H&E-stained microphotograph at low magnification ( × 12) of the axis indicated by a yellow-green triangle in Fig. 2(c The normalized and average PP values (parameters 1 and 2) from the ROIs were evaluated for lesions except one whose boundary was unclear because of saline effects around the lesion (case 4) and one signet ring cell carcinoma (case 5) (Fig. 5 ). The error bars arise from different points within the ROIs (note these small error bars may come from being too confined in the selection of the ROIs for each case due to the saline effect). Both parameters show that the THz reflection intensities from the quartz/EGG interface were higher than those from the quartz/normal mucosa interface in all six cases. Both parameters show that THz reflectometry is able to discriminate EGC from normal regions quantitatively. Parameter 1 has an advantage in that it provides a higher contrast than parameter 2, but it would vary with the temperature of the water (in our study, room temperature was kept always constant). On the other hand, parameter 2 provides a consistent, low contrast compared with parameter 1. Because the water and air reference signals can be easily obtained in practical situations, these two parameters would be valuable for the discrimination of EGC under endoscopic conditions. Figure 6 shows normalized and average THz spectra of EGC and normal mucosa of six cases (parameters 3 and 4). Each of the six spectra obtained by fast Fourier transform performed on the averaged THz time-domain signals of the previously selected ROIs. All six spectra were averaged again. The error bars show variations in the normalized amplitude ratios at each frequency derived from variations of the six patients. Figure 6 shows that discrimination of EGC from normal mucosa is possible in the specific THz regime. In our results, the normalized amplitude ratios of EGC are higher than those of normal mucosa in the range from 0.4 THz to 1 THz; furthermore, even the error bars do not overlap in that range. On the other hand, although the averaged amplitude ratios can be distinguished in the range of 0.2~0.4 THz and beyond 1 THz, the error bars overlap in these ranges. This spectral feature may be partially related to the absorption coefficient of normal mucosa. It was previously reported that dehydrated normal tissue may have a higher absorption coefficient than dehydrated tumor tissue in specific THz regime [15] . Using parameters 3 and 4, we are able to distinguish EGC using THz reflectometry in the specific frequency from 0.4 THz to 1 THz.
Summary and conclusions
We have investigated the feasibility of THz reflectometry for the discrimination of EGC from adjacent normal gastric regions. Eight fresh EGC tissues that were resected by ESD were studied. The THz reflection intensities from EGCs were higher than from normal mucosa, thus the EGCs were well discriminated in the normalized PP THz images. Six of eight lesions were well discriminated on THz images and the regions well correlated with tumor regions on pathologically mapped images. The result of signet ring cell carcinoma, which was not correlated well between the THz and pathologically mapped images implied that THz imaging may play a limited role in the discrimination of signet ring cell carcinoma. In addition, four THz parameters were suggested for the quantitative discrimination of well-to moderate differentiated adenocarcinomas. We expect that future work that involves in vivo feasibility tests for preclinical and clinical uses will be conducted. However, these studies should include the development of a reliable miniaturized THz endoscope. Attempts to develop a practical THz endoscope have been continued [21] , in addition, various novel THz imaging techniques such as THz-QCL imaging have been applied to biomedical research [22, 23] . We expect this feasibility study to help develop a THz endoscope for the discrimination of EGC and other digestive organ cancers.
